Mutations that disrupt function of the human inwardly rectifying potassium channel KIR2.1 are associated with the craniofacial and digital defects of Andersen-Tawil Syndrome, but the contribution of Kir channels to development is undefined. Deletion of mouse Kir2.1 also causes cleft palate and digital defects. These defects are strikingly similar to phenotypes that result from disrupted TGF/BMP signaling. We use Drosophila melanogaster to show that a Kir2.1 homolog, Irk2, affects development by disrupting BMP signaling. Phenotypes of irk2 deficient lines, a mutant irk2 allele, irk2 siRNA and expression of a dominant-negative Irk2 subunit (Irk2DN) all demonstrate that Irk2 function is necessary for development of the adult wing. Compromised Irk2 function causes wingpatterning defects similar to those found when signaling through a Drosophila BMP homolog, Decapentaplegic (Dpp), is disrupted. To determine whether Irk2 plays a role in the Dpp pathway, we generated flies in which both Irk2 and Dpp functions are reduced. Irk2DN phenotypes are enhanced by decreased Dpp signaling. In wild-type flies, Dpp signaling can be detected in stripes along the anterior/posterior boundary of the larval imaginal wing disc. Reducing function of Irk2 with siRNA, an irk2 deletion, or expression of Irk2DN reduces the Dpp signal in the wing disc. As Irk channels contribute to Dpp signaling in flies, a similar role for Kir2.1 in BMP signaling may explain the morphological defects of Andersen-Tawil Syndrome and the Kir2.1 knockout mouse. 
INTRODUCTION

Mutations in inwardly rectifying K
+ channels are associated with patterning defects. For example, mutations that disrupt Kir2.1 are associated with the morphological defects of Andersen-Tawil Syndrome (ATS): cleft palate, micrognathia, hypertelorism, dental abnormalities, clinodactyly, syndactyly and shortened phalanges (Andersen et al., 1971; Tawil et al., 1994; Sansone et al., 1997; Canún et al., 1999; Yoon et al., 2006a; Yoon et al., 2006b ). Furthermore, deletion of the mouse Kir2.1 gene (Kcnj2 -Mouse Genome Informatics) causes cleft palate and narrow maxilla (Zaritsky et al., 2000) .
Inwardly rectifying K + channels comprise four subunits (Choe, 2002; MacLean et al., 2002) . Mutations that disrupt Kir2.1 cause periodic paralysis, heart arrhythmia and morphological defects in individuals with ATS. The most severe defects in such individuals are caused by dominant-negative Kir2.1 subunits that complex with other subunits and alter the selectivity filter, affecting K + conductivity of the entire heteromeric channels (MacLean et al., 2002; Bichet et al., 2003; McLerie and Lopatin, 2003) . The electrophysiological consequences of dysfunctional Kir2.1 are understandable, but the mechanism underlying the developmental abnormalities is unclear.
Despite the growing body of evidence for a role of K+ channels in development, the mechanism by which they influence pattern formation is not understood. Similar cleft palate and digit defects can be caused by loss of transforming growth factor  (TGF)/bone morphogenetic protein (BMP), Wnt-Wingless (Wg) or Notch signaling (Jiang et al., 1998; Tucker et al., 1998a; Tucker et al., 1998b; Dudas et al., 2004; Liu et al., 2005; Bandyopadhyay et al., 2006; Casey et al., 2006; Richardson et al., 2009; Xu et al., 2010; Menezes et al., 2010; Ferretti et al., 2011; He et al., 2011; Jin et al., 2011; Lin et al., 2011) . We tested the hypothesis that inhibiting Kir2.1 channels interferes with TGF/BMP signaling.
The TGF/BMP superfamily has orthologous pathways in multicellular organisms (Padgett et al., 1987; Sampath et al.,, 1993; Derynck et al., 1985; Mason et al., 1985; Ohta et al., 1987) . In Drosophila, Dpp is a BMP homolog that is required for embryonic development, growth and patterning of adult structures, including the wing (Gelbart, 1982; Letsou et al., 1995; O'Connor et al., 2006; Blair, 2007) . Dpp binds type 1 and type 2 kinase receptors (Nellen et al., 1994; Letsou et al., 1995; Ruberte et al., 1995) . Upon Dpp binding, type 2 receptors phosphorylate type 1 receptors (thickveins), which phosphorylate Mothers against Dpp (Mad) to propagate the signal intracellularly (Kim et al., 1997) .
Drosophila is an excellent system for determining the mechanism underlying developmental defects, because conserved developmental signaling pathways are well-defined and non-redundant. Kir2.1 has three homologs in Drosophila. Irk2 is 50% identical and 69% similar to Kir2.1. Two other homologs, Irk1 and Irk3, may form heterotetromeric channels with Irk2 as with some Kir channels in mammals. Electrophysiological and expression studies demonstrate that these channels function similarly to mammalian Kir channels (Döring et al., 2002) . In this study, we test the hypothesis that Irk2 function is necessary for developmental signaling. We use an Irk2 dominant-negative allele, Irk2-deficient alleles, an Irk2 p-element allele and RNAi to show that Irk channels are necessary for patterning and growth of the Drosophila wing. We conclude that disruption of Irk channels leads to reduction in Dpp signaling and wing defects. These studies explain the mechanism by which K + channels regulate development and provide one possible explanation for the defects in individuals with ATS and in Kir2.1 knockout mice.
MATERIALS AND METHODS
Maintenance of Drosophila stocks
Stocks were maintained on cornmeal food at 25°C or 18°C in a Percival incubator model 122 vL (Percival Scientific).
Generation of the UAS-Irk2DN and UAS-Irk2WT fly strains
irk2A from Berlin w1118 fly cDNA was cloned into the EcoRI and XhoI sites of the pUAST vector. PCR was performed with cDNA template and primers (GGAATTCCATGCGTTTCAATTTCTCC and CCGCTCGAGCGGCTA -GGA GGCCTGGTCAGA) to add EcoRI and XhoI sites. Sequencing ensured fidelity of the construct. UAS-Irk2 DN was constructed by cutting irk2A out of UAS-irk2 WT with EcoRI and XhoI, and ligating into pET. The GYG of pET-Irk2A template plasmid was mutated to AAA using a QuikChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA) with the following primers: ACGCAGCACACTATTGCCGCTGCCGTCC-GAACCACCTCG and CGAGGTGGTTCGGACGGCAGCGGCAATA -GTGTGCTGCGT. Irk2-DN was removed from the pET vector with EcoRI and XhoI restriction enzymes and ligated into pUAST. All constructs were sequenced to verify the GYG to AAA mutations. We injected UAS-Irk2 WT or UAS-Irk2 DN plasmid with transposase DNA into 1-hour-old Berlin w1118 embryos. Matured injected flies were crossed to Berlin w1118 and progeny with the transgene were selected by eye color. irk1-AAA and irk3-AAA were generated with the same strategy using primer pairs: ACCCAGACGAC-GATAGCCGCTGCCAATC/CGTCACATAGCGATTGGCAGCGGCTA T -C (Irk1-AAA) and ATCGAGTCCAAGATACGAGTCTACATCATC/GAT-GATGTAGACTCGTATCTTGGACTCGATGGA (Irk3-AAA).
Drosophila strains
The Vienna Drosophila RNAi Center (VDRC) provided stocks that express short RNA hairpins complementary to irk channel genes under control of an inducible upstream activating sequence (UAS) promoter (Dietzl et al., 2007; Yapici et al., 2008) . The GAL4 activator controls expression of genes behind UAS. Ubiquitous expression of GAL4 (and thus the irk siRNA or irkX-AAA subunits) was achieved with the daughterless or actin promoter. Wing-directed expression was achieved with MS1096-GAL4 or engrailed-GAL4. To accomplish irk siRNA, VDRC stocks irk2 108140, irk1 28430 and Irk3 101174 were mated to the flies with appropriate GAL4 driver. The UAS-P35 stock was a gift from Sally Kornbluth (Duke University, NC, USA ] was from the Exelixis custom deficiency generation system (Parks et al., 2004) . For clarity, we refer to this strain as irk2DfA. The irk2DfA deficiency covers 280 kb and removes 25 genes, including Irk2 and is homozygous lethal. We used the same scheme (Parks et al., 2004) to generate a second irk2 deficiency. FLP recombinase expression was induced in Drosophila larva carrying P (ry+t7.2:hsFLP)12 , P (WH)f002619 and PBac (RB)e01487 at 37°C in daily 1 hour increments. FLP expression induced recombination between PiggyBac P (WH)f002619 and PBac (RB)e01487 generating flies that lack the genomic region between the two insertion sites, including irk2 (designated Irk2DfB). irk2DfA/irk2DfB flies are viable and lack irk2 entirely without removing more than five surrounding genes. The deletion was verified by PCR.
Irk2 in situ
Standard irk2 in situ was performed (Lécuyer et al., 2008) . The irk2 probe sequence was: AGGCCTGGTCAGAATGATTGTGGGACAGTTGAC -GCATGGTAAAGGTGGTTTCTGGTGTGCGGAATCCCTCCTG-GATCTTGTAGATCTCGTTCAATTCCCGAGCACTGCACAACG-GAGTGTCCACCTGAGTGGTTTCGTTAAAGCGAGCGTAGTC-GATTTCATAGGCCTGCAGATCCTTGTTGTACAACACCACTG-GATCGAAACGATGTCCCCAAAGGATCTCA.
Quantitative RT-PCR
Total RNA was isolated from third instar larvae (SV Total RNA Isolation System, Promega). Total cDNA was reverse transcribed in vitro using Super Script III reverse transcriptase (Invitrogen, Grand Island, NY). Realtime PCR was accomplished with 100 ng of template cDNA, the Syber Green Assay kit (Applied Biosystems) and 200 nM primers in a Step One plus Real-Time PCR thermal cycling block (Applied Biosystems, Carlsbad, CA). Primer sequences are as follows: RP49, AAGAAGCG-CACCAAGCACTTCATC and TCTGTTGTCGATACCCTTGGGCTT; irk1, GCCATCGTTTCGTGAATGTGGTGT and AGTGTCCACGTCG-TAGGTGTTGTT; irk2, ATGGCCGGAATAGTGTTTGCCAA and GGCAAATTACGGCGTGTTTGGAGA; irk3, TTATTCTCTGGCCC-GATGTGGTGT and GGCAGCATTGAAGAGTTTCGCTGT.
The data were obtained using
Step one software V2.1 (Applied Biosystems, Carlsbad, CA). Fold difference was calculated with ⌬⌬ CT (Livak and Schmittgen, 2001 ).
Immunohistochemistry and TUNEL staining
Wing discs were isolated from third instar larvae. Discs were stained with anti-phopho-Smad1/5 Ser463/465 (Cell Signaling) (Cao et al., 2006) (Brook and Cohen, 1996) ]. The secondary antibody was 1:200 goat-anti-mouse IgG CY5 (Millipore). Apoptosis was detected using DeadEnd Fluorometric TUNEL (Terminal deoxynucleotidyl transferase dUTP nick end labeling) system (Promega, Madison, WI). Wing discs were mounted with Vectashield mounting medium (Vector Laboratory, Burlingame, CA).
Imaging
Wing discs were imaged at 20ϫ magnification with a Zeiss Axioscope A1 (Carl Zeiss Microscopy LLC, NY) in bright field with a Texas-red filter for anti-pMAD, anti-Spalt and anti-Wingless staining, and a GFP filter for TUNEL and Achaete staining. An AxioCam HRc digital camera with the Axioscope A1 computer program photographed images. For the intensity analysis of anti-pMad staining, control and experimental samples were processed and imaged in parallel with identical settings for exposure (33.2 ms). The fluorescent microscopy images were analyzed with Slidebook (Intelligent Imaging Innovations). Peak intensity was determined by subtracting the minimum fluorescence from the maximum fluorescence intensity in an anterior-to-posterior cross-section of the wing disc. Five independent cross-sections were used for each disc. Anti-Wingless and anti-Achaete stained wing discs were imaged with CY5 and GFP filters, respectively.
Kir2.1 mouse
Generation of the Kir2.1-knockout mouse has been described previously (Zaritsky et al., 2000) . Bone and cartilage were dissected from newborn pups and placed into 95% ethanol. Ethanol was replaced with 0.03% Alcian Blue, 80% ethanol and 20% acetic acid. Tissue was washed with 95% ethanol before incubation in 2% KOH. Tissue was incubated in 0.03% Alizarin Red. Skeletons were cleared in 20% glycerol. All mouse protocols were approved by the UCSF IACUC.
Statistical analysis
Error bars represent the standard error of the mean (s.e.m.). Raw P values were determined using a two-tailed Student's t-test. Each experiment consisted of at least three repeated trials. The number of flies tested is given for each figure in the legend.
RESULTS
Kir2.1 mouse phenotypes
Deletion of the gene that encodes Kir2.1 in mice results in patterning defects that are similar to BMP knockout phenotypes. For example, Zaritsky et al. reported that homozygous Kir2.1 knockout mice have cleft palates (Zaritsky et al., 2000) . We further characterized skeletal deformations in homozygous Kir2.1
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Development 139 (19) knockout animals (n13) (Fig. 1) . The anterior and posterior palatine processes and vomer bones are reduced in size. In addition to the defects that were previously published, we found digit defects in all homozygous Kir2.1 knockout animals ( Fig. 1 ). It has previously been reported that heterozygous Kir2.1 animals appear normal. However, dissection of heterozygous Kir2.1 mice revealed reduction in the size of anterior and posterior palatine processes and apparent decreased ossification in 98% of heterozygous pups (n40) (Fig. 1C,D) . By contrast, no palate or digit defects were found in wild-type siblings (n41). The developmental defects of Kir2.1 knockout mice are similar to the cleft palate defects of Tgfb2 and Tgfb3 knockout animals (Sanford et al., 1997; Taya et al., 1999) . Disruption of TGF co-factors, regulators and receptors also leads to cleft palate in mice (Peters et al., 1998; Dudas et al., 2004; Bjork et al., 2010) . Kir2.1 knockout digital defects are similar to the BMP2/4 limb conditional knockout (Bandyopadhyay et al., 2006) . Other signaling pathways, such as Notch and Wnt, also contribute to these developmental processes (Jiang et al., 1998; Casey et al., 2006; Richardson et al., 2009; Xu et al., 2010) . We tested the hypothesis that defective inwardly rectifying K + channels interfere with TGF/BMP signaling using the genetic tools of Drosophila melanogaster. The role of Dpp, a Drosophila BMP ligand, is well characterized in the wing (Segal and Gelbart, 1985; Blair, 2007) , where Drosophila homologs of Kir2.1 are expressed (supplementary material Fig. S1 ) (MacLean et al., 2002) . Thus, Drosophila provides an ideal system for investigating whether inwardly rectifying K + channel function is necessary for BMP signaling.
Irk2 deficiency disrupts wing patterning
To define the role of Irk2 in development, we examined the phenotypes of flies that lack irk2 and the surrounding region from 19260K to 19350K of chromosome 3R (supplementary material Fig. S2 ). irk2-deficient flies (irk2DfA/irk2DfB) were compared with wild-type flies. When Irk2DfA/TM6 is mated to irk2DfB/TM6, more than the expected 33% of the progeny are Irk2DfA/Irk2DfB, indicating that Irk2 is not necessary for viability (n380). The wings from irk2-deficient flies have wing venation defects: incomplete or branched posterior cross veins, incomplete L5 vein, bifurcations of L3 and L4 veins, and wing bristle transformations ( Fig. 2 ; Table 1 ). Thirty-nine percent of the irk2-deficient flies have held-out wings from hinge defects (supplementary material Fig. S3 ). Rarely, irk2-deficient wings are notched or smaller than wild type (Fig. 2C) . The penetrance and severity of wing phenotypes in Irk2-deficient flies were dependent both on sex and the temperature during development. Phenotypes were most severe in males raised at low temperatures. At 25°C, 38% of male irk2-deficient flies had wing defects (n172). Seventeen percent of males that were heterozygous for either Irk2 deficiency had wing venation defects (n189 and 121). Sixty-two percent of flies harboring a p-element insertion in irk2 (Irk2 G8696 ) had wing venation defects or small wings and 48% had wing hinge defects when raised at 25°C. All male Irk2 G8696 flies had wing bristle transformations ( Fig Table 1 ).
To verify that venation defects were the result of irk2 deficiency, irk2WT was expressed ectopically in whole Irk2-deficient flies. Wing venation defects other than L5 defects are completely rescued by the ectopic expression of Irk2WT. Only 22% of wings of irk2DfA/irk2DfB; UAS-irk2WT flies had L5 venation defects compared with 92% of irk2-deficient flies that had wing venation defects when raised under the same conditions ( To test for the tissue specificity of the requirement for Irk2, irk2WT was expressed using engrailed-GAL4 in the posterior compartment of irk2-deficient wing discs. Wing L5 venation defects were decreased to 37% in flies that express exogenous irk2WT in an irk2-deficient background. All other irk2Df/Df wing defects were rescued by engrailed-GAL4; UAS-Irk2WT (Fig. 2F,K) , indicating that loss of irk2 function is responsible for wing venation phenotypes and the requirement is partially fulfilled if irk2 is expressed in the posterior compartment of the wing. As a comparison, only 4% of the male flies harboring the engrailed-GAL4 driver without the irk2 transgene had wing venation defects (Table 1) . We verified that endogenous irk2 was deleted and that exogenous Irk2 was provided in rescued flies by amplifying irk2 DNA from single flies with primers specific to either genomic Irk2 or the UAS-irk2 transgene (Fig. 2) . These data show that irk2 is required non-cell-autonomously in the wing disc to specify wing venation patterning and that the loss of irk2 is responsible for venation phenotypes that are observed in irk2-deficient flies.
Irk2 siRNA expression disrupts wing patterning
To characterize the tissue-specific requirement for Irk2, we expressed small-interfering irk2 RNA (siRNA) under the control of either ubiquitous (daughterless) or wing-directed (MS1096) GAL4 drivers. When irk2 siRNA was expressed ubiquitously using daughterless-GAL4, we found defects in 84% of the wings: 73% of the wings had venation defects, 9% failed to expand correctly ( Fig. 2G ) and 4% of the wings had tissue necrosis (Fig. 2H) . Wingdirected expression of irk2 siRNA causes reduction in wing size, wing venation defects and hinge defects that result in the held-out wings phenotype for all surviving flies ( Fig. 2 ; supplementary material Fig. S3 ). We designated venation defects and reduction in wing size as moderate defects; any additional defects are designated as severe. Male flies that express Irk2 siRNA have more severe wing phenotypes than female flies of the same genotype. Ubiquitous expression of irk2 siRNA can lead to wing expansion defects, whereas wing-directed irk2 siRNA does not. The difference in phenotypes suggests that expansion of the wing requires Irk function outside the wing whereas patterning requires Irk channel function in the wing disc itself. Phenotypes that result from ubiquitous or wing-directed expression of the irk2 siRNA are more severe and more penetrant than phenotypes associated with irk2 deficiency. We reasoned that expression of irk2 siRNA could affect the transcription of other irk subunits (irk1 and irk3). To determine whether irk2 siRNA changed the expression of irk1 and irk3, we used quantitative RT-PCR to quantify irk1, irk2 and irk3 mRNA from flies that ubiquitously express Irk2 siRNA and compared mRNA levels with those from flies with the daughterless-GAL4 driver without the Irk2 siRNA transgene. irk2 mRNA is reduced 85.7% in flies that express irk2 siRNA demonstrating that the irk2 siRNA effectively reduces
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expression of irk2. Surprisingly, irk1 was increased 14-fold and irk3 mRNA levels are increased 4.6-fold in flies that express the irk2 siRNA (supplementary material Fig. 4A ). To determine whether a similar increase in irk1 and irk3 expression occurred in irk2-deficient flies, we compared irk1, irk2 and irk3 mRNA levels in wild-type and irk2-deficient flies. As expected, no Irk2 mRNA was detected in irk2-deficient flies. irk3 mRNA levels increased 3.4-fold, but irk1 transcript levels were not significantly different in irk2-deficient flies compared with wild-type flies (supplementary material Fig. S4B) . Phenotypes of the irk2-deficient wings are less severe than those of irk2 siRNA. This leads to the conclusion that Irk subunits are not entirely functionally equivalent. To block the function of the entire Irk channel, we generated a dominantnegative Irk2 subunit.
Expression of dominant-negative Irk2 causes severe wing defects
Inwardly rectifying K + channel subunits can form heterotetrameric channels in mammals. Incorporation of a single subunit with a mutated selectivity filter (GYG to AAA) into the complex completely blocks ion flow through the channels in mammals (Bichet et al., 2003) . We used the UAS/GAL4 system to express dominant-negative Irk transgenes to block the Irk channel in a tissueand time-specific manner. A transgenic animal expressing this Irk2 (Irk2DN) gene is expected to demonstrate the effects of the loss of the entire channel. By contrast, in an irk2 null, Irk1 and Irk3 could theoretically form a functional channel without Irk2, thereby at least partially compensating for reduced Irk2 function. We generated three transgenic Irk2DN lines: Irk2DN5.1, Irk2DN5.2 and Irk2DN13. Ubiquitous expression of Irk2DN or irk2WT was accomplished by mating transgenic UAS-irk2WT/balancer and UAS-Irk2DN/balancer flies with actin-GAL4 or daughterless-GAL4 transgenic flies. An approximately equal number of transgenic and balancer adult progeny result from the UAS-irk2WT cross. No Irk2DN5.1-or Irk2DN5.2-expressing flies survive from the UAS-Irk2DN cross whereas over 90 balancer sibling adults survive. Irk2DN13-expressing flies survive to adulthood when raised at 25°C, but only 20% of Irk2DN13 survive when flies are raised at 18°C (Fig. 3A) . Larvae that express Irk2DN are marked with actin-GFP and can be compared in survival to their balancer siblings after hatching. Only 17% of the larva expected to ubiquitously express Irk2DN hatch and none of these survive 48 hours after hatching (Fig. 3B) . Endogenous Irk2 functions in the developing wing, so we directed expression of Irk2DN to block Irk channels in the wing disc.
We expressed Irk2DN and irk2WT in wing discs using MS1096-GAL4 and engrailed-GAL4 (Gullaud et al., 2003) to block Irk channels during development. Wing defects include blisters, fusion of longitudinal veins, thickened veins and complete or partial ablation of the wing blade (Fig. 3) . Defects were more severe and penetrant in males raised at lower temperatures. To control for sex differences, only female defects are reported in quantification of defects. We report wing defects from two different transgenic lines: Irk2DN5.1 and Irk2DN5.2. Wing-directed expression of Irk2DN causes moderate and severe wing defects. Moderate wing defects include wings that are small, collapsed or blistered. Moderate defects also include venation defects such as branching of the posterior cross-vein, L2-3 collapse, L4 bifurcation, incomplete L5 and wing bristle transformations. Severe defects include partial or complete loss of the wing blade.
All of the flies that express Irk2DN in transgenic line 5.1 have wing defects with 6% of the wings classified with moderate defects and 94% with severe defects. Expression of Irk2DN in transgenic line 5.2 resulted in 42% moderate wing defects and 4% severe defects (Fig.  3I) . Less than 25% of MS1096-GAL4 UAS-irk2WT flies have minor venation defects, similar to MS1096-GAL4 without a UAS transgene. Expression of Irk2DN5.2 using the engrailed-GAL4 driver causes wing venation and blistering defects, whereas expression of Irk2WT with the same driver does not cause defects (Fig. 3E,H) . As Irk2DN expression causes defects that are more severe than loss of Irk2, we conclude that Irk2 forms a heteromeric channel that is necessary for patterning of the adult wing in Drosophila.
3657
RESEARCH ARTICLE K + channel required for patterning We reasoned that heteromeric channels could be made up of a combination of Irk1, Irk2 and/or Irk3 subunits. Thus, Irk1 and Irk3 could form a partially functional channel when lacking the Irk2 subunit. If this was the case, we would expect that reduced irk1 and irk3 function should cause similar phenotypes to irk2Df, siRNA or Irk2DN. Ubiquitous expression of irk1 siRNA results in 88% lethality and ubiquitous expression of irk3 siRNA results in 98% lethality (n145) (Fig. 4A) . As irk2-deficient flies survive to adulthood, it is likely that Irk1 and Irk3 play a more substantial role in embryonic development than does Irk2. It is likely that ubiquitous expression of Irk2DN causes embryonic lethality by blocking the function of a heteromeric channel that includes Irk1 and/or Irk3.
To examine the contribution of Irk1 and Irk3 to the development of the wing, we expressed irk1 and irk3 siRNA in the wing with MS1096-GAL4. Wing-directed expression of Irk1 and Irk3 siRNA in the wing results in venation defects in 100% of wings from animals of both genotypes (n117 and n92, respectively) (Fig. 4B) . Expression of Irk3 siRNA caused a reduction in wing size and hinge defects in addition to venation defects in 40% of the wings. Wing defects that result from reduced irk1 and irk3 support the conclusion that Irk1, Irk2 and Irk3 form a heteromeric channel that is necessary for wing development.
To determine if the conserved GYG of Irk1 and Irk3 play the same structural role as for Irk2, we generated mutant alleles of both, changing the conserved GYG to AAA. Ubiquitous expression of irk1-AAA, irk1WT, irk3-AAA or irk3WT did not decrease survival or cause wing defects (n127 Irk1-AAA, 129 Irk1WT, 132 Irk3-AAA and 124 Irk3WT) nor did wing-directed expression of mutant irk1-AAA or irk3-AAA cause wing defects (n107 and 113) (Fig. 4C) . We ensured that the Irk2DN and Irk2WT constructs were expressed using QRT-PCR (n3 trials) (Fig. 4D-F) . We conclude that Irk1, Irk2 and Irk3 are important to channel function, but play different structural roles in the heteromeric Irk channel.
Reduced Dpp signaling enhances Irk2DN phenotypes
Disruption of irk2 function with siRNA, irk2 deficiency or expression of Irk2DN causes defects in the wing that are similar to defects caused by compromised Dpp signaling (Gelbart, 1982; Spencer et al., 1982; Irish and Gelbart, 1987; Letsou et al., 1995; Cook et al., 2004; del Alamo Rodríguez et al., 2004) . A possible explanation for Irk2 developmental defects is that Irk channels are necessary for proper Dpp signaling. We undertook genetic interaction studies by disrupting the function of Dpp (BMP ligand) or Thickveins (Tkv, BMP type 1 receptor) in an Irk2DN background.
To determine how defective Dpp signaling affects the Irk2DN wing phenotype, either the Irk2DN or the irk2WT transgene was expressed in wings of dpp hr92 /+ or tkv 7 /+ flies. Owing to differences in phenotype severity, we report defects from females only. Defective Dpp signaling enhances Irk2DN phenotypes (Fig.  5) To explore this possibility, we looked at Dpp signaling in the larval wing imaginal disc, a precursor to the adult wing. Dpp-bound Tkv phosphorylates the Cterminal of Mothers against Dpp (Mad) in two stripes that form the border between the anterior and posterior compartments of the wing disc (Teleman and Cohen, 2000) . To determine whether Dpp 3659 RESEARCH ARTICLE K + channel required for patterning (M-O)Graphs of average peak intensity of control and irk2DfA/irk2DfB (M), control and MS1096-GAL4 irk2 siRNA (N), and control and daughterless-GAL4 Irk2 siRNA (O). Control and experimental discs were stained and imaged in parallel. Graphs represent average peak intensities for n>7 anti-p-Mad-stained discs. Peak intensity is determined by subtracting minimum from maximum fluorescence intensity in a posterior to anterior crosssection of the anti-p-Mad stained wing disc. Data are mean±s.e.m. Scale bars: 50m.
signaling is interrupted by disruption of irk2 function, we used an antibody to measure phosphorylation of the C-terminal site of Mad (p-Mad). Two stripes of p-Mad are intact in Irk2 deficient and Irk2 siRNA-expressing wing discs, but the stripe intensity is lessened compared with wild type (Fig. 6) . TUNEL staining shows that reducing function of irk2 does not cause apoptosis, and therefore is not the cause of decreased p-Mad (Fig. 6) . Spalt (Sal), a transcriptional target of Dpp, was reduced in irk2-DfA/irk2-DfB wing discs and was not detectable in Irk2DN-expressing wing discs, supporting the conclusion that Dpp signaling is disrupted by blocking Irk channels (Fig. 7) . By contrast, patterns of two genes that are not regulated by Dpp, wingless and achaete, are intact in irk2-deficient wing discs (Fig. 7) .
Expression of Irk2DN causes the most severe wing phenotypes and is predicted to block the Irk channel completely. We found that when MS1096-Gal4 drives expression of Irk2DN, phosphorylation of Mad is completely blocked in the anterior/posterior boundary of wing pouch (Fig. 8A-C) . p-Mad staining was intact when flies expressed the irk2WT transgene. Irk2DN expressed by other wingdirected Gal4 drivers (Marquez et al., 2001), en-Gal4; Irk2DN5.1, A9-Gal4; Irk2-DN13 and A9-Gal4; Irk2-DN5.1 , also profoundly decreases p-Mad staining and can decrease the size of the wing disc (supplementary material Fig. S5 ). Less that 5% of en-Gal4; Irk2-DN5.1 and A9;Gal4-DN5.1 flies survive past early larval stage.
MS1096-Gal4;UASIrk2DN5.1 wing discs are fragile and thinned in the wing pouch region that becomes the wing blade and hinge. TUNEL staining shows that apoptosis occurs in the wing pouch of MS1096-Gal4;UASIrk2DN wing discs. Very little apoptosis is detected in the wing discs of flies expressing irk2WT (Fig. 8) . In Irk2DN-expressing wing discs, wingless and achaete patterns are normal surrounding the region that dies via apoptosis (Fig. 7) .
Disruption of the K+ current with Irk2DN causes complete loss of the two stripes of p-Mad that form the proximal-distal axis of the wing disc and also causes apoptosis of many of the cells that are under the influence of the Dpp signal. At least two possibilities explain these phenotypes. First, as Dpp protects against apoptosis in the wing (Letsou et al., 1995; Adachi-Yamada et al., 1999; Adachi-Yamada and O'Connor, 2002; Moreno et al., 2002; O'Connor et al., 2006; Ziv et al., 2009) , blocking the K + current could interfere with Dpp signaling, leading to apoptosis and wing defects. Alternatively, blocking Irk could directly cause apoptosis, leading to reduced Dpp signaling. To test which of these possibilities explains Irk2DN wing defects, we blocked apoptosis in cells of the wing discs that express Irk2DN and asked whether Dpp signaling occurs and whether the wing defects are rescued. Exogenous expression of P35 blocks caspase activity, preventing apoptosis (Hay et al., 1994) . TUNEL staining confirmed that apoptosis does not occur in the wing pouch cells that express both Irk2DN and P35 (Fig. 8) . Wing pouch cells give rise to the wing blade. The severe wing phenotypes of MS1096-GAL4-Irk2DN;P35 are indistinguishable from those of wings that express only Irk2DN (Fig. 8) . As blocking apoptosis in the wing pouch does not rescue the wing phenotype, we conclude that apoptosis is fully responsible for wing blade defects. Apoptosis occurs in periphery of the wing disc, but not in the center where both P35 and Irk2DN are expressed. Therefore, Irk2DN does not cause apoptosis cellautonomously, but could cause apoptosis of peripheral cells by compromising a Dpp gradient (Adachi-Yamada et al., 1999) . Together, these data suggest that Dpp signaling is disrupted by Irk2DN, which leads to apoptosis and Irk2DN wing defects.
DISCUSSION
The morphological defects associated with ATS suggest that Kir2.1 function is necessary for human development. We and others have shown that these defects are recapitulated in a mouse knockout of Kir2.1 (Zaritsky et al., 2000) . Here, we show that reducing function
RESEARCH ARTICLE
Development 139 (19) Irk2 phenotypes are more severe and penetrant when flies develop at colder temperatures, regardless of the mechanism by which Irk2 function is reduced: transgenic Irk2DN expression, irk2 deletion, p-element insertion or irk2 siRNA expression. We observed this temperature effect for three independent Irk2DN transgenic lines under the control of many different GAL4 drivers. Although the GAL4 system generally increases transgene expression at higher temperatures, Irk2DN phenotypes are most severe at 18°C, less severe at 25°C and least severe at 29°C. This suggests that the process by which Irk channels contribute to signaling is dependent on temperature.
Irk2 phenotypes are reminiscent of mutant dpp, tkv and punt wing phenotypes (Letsou et al., 1995; Zecca et al., 1995; de Celis, 1997; Adachi-Yamada et al., 1999) . The L2-3 and L4-5 collapse and loss of the majority of the wing blade are similar to mutant dpp or its target, optomotor-blind (omb) (Cook et al., 2004; del Alamo Rodríguez et al., 2004; Tabata and Kornberg, 1994) . irk2-deficient flies, mutant irk2 and irk2 siRNA flies have similar hinge phenotypes to those caused by mutant dpp alleles (Gelbart, 1982; Spencer et al., 1982; Irish and Gelbart, 1987) . Furthermore, Irk2DN phenotypes are enhanced by reducing function of Dpp or its receptor. Together, these data suggest that irk2 wing phenotypes can be explained by disruption of Dpp signaling.
Reducing function of irk2 by deletion, siRNA or Irk2DN reduces p-Mad in the wing disc. We confirmed that loss of irk2 reduces Dpp signaling by measuring decreased levels of Spalt, a p-Mad transcriptional target. Activation of the Wg pathway negatively regulates Dpp signaling by reducing perdurance of p-Mad, presenting the possibility Wg is affected by Irk2 (Eivers et al., 2009a; Eivers et al., 2009b; Eivers et al., 2011) . Expression of both wingless and acheaete are normal in irk2-deficient wing discs and outside the region where cells have died via apoptosis in Irk2DN-expressing wing discs. However, we have not ruled out the possibility that Wingless or other developmental pathways are also affected by Irk channel function.
We find that blocking apoptosis in the cells that express Irk2DN does not rescue the associated wing phenotypes. A wing can develop with normal size and patterning after x-irradiation-induced apoptosis of half of the wing disc cells during development (Hay et al., 1994; Huh et al., 2004; Martín et al., 2004; Ryoo et al., 2004) . Dpp signaling is responsible for compensation for the lost apoptotic cells and preservation of patterning in damaged wing discs (Pérez-Garijo et al., 2005) . The failure of Irk2DN;P35-expressing discs to compensate for apoptotic cells supports the hypothesis that Dpp signaling is disrupted in tissues that express Irk2DN.
How could Irk2 affect Dpp signaling? It could be that maintenance of membrane potential is important for the production, distribution or propagation of the Dpp signal. Alternatively, there may be communication between Irk channels and the Dpp signaling cascade upstream of Mad activation. Distribution and propagation of Dpp and other BMP/TGF signals are aided by the heparan sulfate proteoglycans (HSPGs) (Jackson et al., 1997; Grisaru et al., 2001; Paine-Saunders et al., 2002; Fujise et al., 2003) . Changes in sodium concentrations inhibit sulfation of heparan sulfate and reduce the sensitivity of cells to FGF. It is interesting to speculate that a change in local K + concentrations could interfere with HSPGs, receptor localization, stabilization of the receptor complex, phosphorylation events or production or distribution of the Dpp ligand (Fig. 9) . It is also possible that Mad requires K + for recruitment to the membrane as actin requires Ca 2+ for that purpose (Lu et al., 2011) . We have not directly established whether Irk2 is required cell-autonomously, but we favor the model that Irk2 function is required for Dpp signaling events outside the cell rather than for intracellular phosphorylation for two reasons. First, en-GAL4 expresses UAS-irk2WT in the posterior compartment of the wing disc, but rescues irk2 deficient phenotypes in the whole wing. Second, when Irk2DN and P35 are expressed together, apoptosis occurs well outside of the region of MS1096 expression, consistent with morphogen causation. If inwardly rectifying K + channels are necessary for Dpp signaling to designate wing patterning, how could Irk subunits have been missed in Dpp modifier screens? The partial redundancy of the Irk subunits make severe phenotypes unlikely unless all of the subunits are compromised. Phenotypes are not severe at 25°C, the temperature at which development occurs for most screens. Third, the necessity of Irk2 seems to be tissue specific. Dpp is required for patterning of multiple structures, but in screening multiple GAL4 drivers, expression of Irk2DN causes defects in only a few of these.
Many BMP/TGF-dependent processes go awry when Kir2.1 is not functional in humans and in mice. The phenotypes of Kir2.1 knockout mice are reminiscent of the morphological defects of ATS: cleft palate, incomplete dentition and digit abnormalities. All of these phenotypes have also been associated with defects in TGF superfamily signaling. For example, TGF2 and TGF3 knockout animals have cleft palate (Sanford et al., 1997; Taya et al., 1999) . Loss of BMP4 impedes proper tooth development (Neubüser et al., 1997; Jernvall et al., 1998; Tucker et al., 1998a; Tucker et al., 1998b) . Deletion of Pax9, which activates BMP4 transcription, causes cleft palate, incomplete dentition, and extra digits in mice (Peters et al., 1998) . A conditional knockout of BMP2 and BMP4 in the forepaw causes extra digits like the Kir2.1 knockout (Bandyopadhyay et al., 2006) . BMP signaling is responsible for inhibiting growth of extra digits and initiating apoptosis to separate digits in mice Zuzarte-Luis and Hurle, 2005) . Although the developmental defects associated with Kir2.1 knockout are incompletely characterized in the mouse, these BMP-like phenotypes support the hypothesis that disruption of Kir2.1 interferes with TGF/BMP signaling in mammals.
The finding that inwardly rectifying K + channels are necessary for BMP signaling in the Drosophila wing alters the landscape of current research by demonstrating that K + channels contribute significantly to development. How broadly can these findings be applied to other K + channels? A gain-of-function GYG to SYG change in the selectivity filter of the G protein-coupled Irk2 (GIRK2) channel allows it to pass Na + and Ca 2+ , which alters cerebellar development in the weaver mouse (Rakic and Sidman, 1973; Hatten et al., 1984; Hatten et al., 1986; Patil et al., 1995; Silverman et al., 1996; Tong et al., 1996) . However, deletion of GIRK2 allows mice to develop normally (Signorini et al., 1997) . Therefore, developmental defects of weaver mice are presumed to be due to changes in Na + and Ca 2+ , rather than changes in K + , levels. By contrast, the mutations that are associated with ATS cause loss of Kir2.1 function (Bendahhou et al., 2003; Hibino et al., 2010 ) and the Kir2.1 knockout mouse has severe developmental defects. Our data presents a rationale for inquiry into the putative contribution of other K + channels to developmental signaling.
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Altering Irk channels interferes with BMP signaling to contribute to morphological abnormalities in Drosophila. It is likely that the developmental defects associated with ATS and the Kir2.1 knockout mouse are similarly due to defective TGF/BMP signaling. If Kir2.1 channel function is necessary for TGF/BMP signaling in mammals, the Kir channels could represent new potential therapeutic targets for slowing tumor growth and metastasis.
